Oxidative stress increases endothelial mannose-binding lectin (MBL) binding and activates the lectin complement pathway (LCP).
The human complement system is comprised of three different pathways: the classical, alternative, and recently described lectin complement pathway (LCP).
1, 2 The LCP is an antibody-independent cascade that is normally initiated by binding of mannose-binding lectin (MBL) to cell surface carbohydrates on foreign bacteria, protozoa, or parasites. 3 Associated with MBL (also known as mannose-binding protein) are two serine proteases, MBLassociated serine protease-1 and MBL-associated serine protease-2, which cleave C2 and C4 to form the classical pathway C3 convertase. 1 Although there is experimental evidence linking the classical and alternative complement pathways to human disease, the role of the LCP is just beginning to be evaluated. 4 We recently demonstrated that human endothelial oxidative stress activates complement via the antibodyindependent LCP. 5 Further, treatment of human sera with novel, functionally inhibitory anti-human MBL monoclonal antibodies (mAbs) significantly attenuated MBL and C3 deposition after endothelial oxidative stress. 5 These findings were extended to a rat model of myocardial ischemia-reperfusion in which rat C3 and MBL immunostaining were observed to be significantly increased throughout the ischemic area at risk, further suggesting that the LCP may mediate tissue injury in vivo after oxidative stress. 5 However, the molecular mechanism of MBL binding to the vascular endothelium after oxidative stress is unknown.
Our understanding of the role of cytoskeletal filaments in cellular function has significantly advanced in recent years. In addition to providing structural support, it is now clear that intermediate filaments play a key role in a variety of cellular functions, including cell-cell and cellextracellular matrix interactions, cell motility, receptorligand interactions, and receptor internalization. 6, 7 Although various intermediate filaments exist in human endothelial cells, their nonstructural roles have not been fully elucidated. Recently, we demonstrated that the plant lectin Ulex europaeus agglutinin II, which has a similar binding profile as MBL, competitively inhibits MBL deposition and subsequent activation of the LCP after human endothelial cell oxidative stress. 8 Further, in preliminary experiments performed in our laboratory, immunoprecipitation and protein sequencing of oxidatively stressed human endothelial cells with U. europaeus agglutinin II revealed the intermediate filament, cytokeratin 1 (CK1). Interestingly, CK1 was recently cloned from a human endothelial cell library and identified as a kininogen-binding protein, 9 -13 suggesting that endothelial cytokeratins may function as extracellular binding proteins. Additionally, exons 1 and 9 of CK1 contain sequences highly homologous to a peptide sequence (SFGSGFGGGY) known to mimic the MBL and U. europaeus agglutinin-II ligand, N-acetyl-D-glucosamine (GlcNAc). 14, 15 Recently, MBL was shown to bind specifically to this keratin peptide sequence, and pretreatment of human sera with this peptide significantly attenuated MBL and complement deposition on oxidatively stressed human endothelial cells. 16 As intermediate filaments have been previously reported to activate the classical complement pathway in an antibody-independent manner, 17, 18 we investigated whether oxidative stress increases endothelial CK1 expression and activates the LCP. Our data suggest that activation of the LCP after oxidative stress may be mediated in part by MBL binding to vascular endothelial cytokeratins.
Materials and Methods

Human Umbilical Vein Endothelial Cells (HUVECs)
HUVECs were isolated and cultured as previously described. 19 Cells were used during passage 1 through 3. Separate cell isolates were used for all repeat experiments.
Isolation and Purification of Human MBL
MBL and MBL-associated serine proteases were purified from fresh frozen human plasma as previously described. 5, 20 Western blot analysis confirmed the absence of IgG and/or IgM.
Isolation and Purification of Human CK1
Human CK1 was purified from human dermal keratin (Sigma, St. Louis, MO) using a monospecific rabbit antihuman CK1 polyclonal antibody (pAb) (Convance/ BAbCO, Richmond, CA) conjugated to protein G Sepharose (ImmunoPure Protein G IgG Plus orientation kit; Pierce, Rockford IL). After equilibrating the protein G column with binding buffer (10 mmol/L Tris, pH 7.5), human keratin was loaded onto the column. The column was then washed extensively with binding buffer and eluted with 0.1 mol/L glycine-HCl buffer, pH 2.8, with the eluent being collected in 0.5-ml fractions containing 1 mol/L Tris-HCl buffer (1:10, v:v), pH 9.5. The proteincontaining fractions were pooled, dialyzed overnight in 10 mmol/L Tris buffer, pH 7.5, and the protein concentration determined. CK1 purification was confirmed by Western blot analysis.
Generation of Anti-Human Keratin Antibodies and Fab Fragments
Male New Zealand White rabbits (Harlan, Indianapolis, IN) were immunized initially with human keratin (100 g, s.c.) in TiterMax (Sigma) and then with human keratin (50 g, s.c.) in phosphate-buffered saline (PBS) on a biweekly basis for 6 weeks. Two weeks after the last immunization, the animals were bled and the resultant pAb purified by protein G affinity chromatography. All pAb were dialyzed against PBS, concentrated, and sterile filtered.
Polyclonal anti-human keratin Fab fragments were generated by digesting anti-human keratin pAb with papain (Sigma) for 16 hours at 37°C. The reaction was terminated with iodoacetamide (Sigma). The resulting mixture was then dialyzed in PBS, pH 8.0, overnight at 4°C. Any remaining whole IgG and the Fc portion of the anti-human keratin pAb were removed from the mixture by protein G affinity chromatography. Fab fragment generation was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
HUVEC CK1 Enzyme-Linked Immunosorbent Assay (ELISA)
Confluent HUVECs were subjected to 0 or 24 hours of hypoxia (1% O 2 ). The cell media were aspirated and 100 l of gelatin-veronal buffer (GVB) containing Ca 2ϩ /Mg 2ϩ was added to each well. The cells were then reoxygenated for 3 hours at 37°C, washed, and fixed with 1% paraformaldehyde (Sigma) for 30 minutes. After washing, the cells were incubated with 50 l of rabbit anti-human CK1 pAb (1:500 dilution, Convance/BAbCO) or anti-porcine C7 pAb (20 g/ml, isotype control) for 1 hour at 4°C. After washing, 50 l of peroxidase-conjugated goat antirabbit pAb was added to each well and incubated for 1 hour at 4°C. The plates were washed, developed with 50 l of 2,2Ј-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid and read (Molecular Devices, Sunnyvale, CA) at 405 nm. Background optical density was determined from cells to which only the secondary antibody was added, and was subtracted from all groups. This experiment was performed three times using three wells per experimental group (n ϭ 3).
In Situ Hybridization of HUVEC CK1 mRNA
The vector containing the rCK-1 31 cDNA (nucleotide 463 to 1434, accession NM 006121) was generously provided to us by Dr. Alvin Schmaier. 11 The 971-bp EcoRI/SalI digested fragment was gel purified using a Qiagen gel extraction kit according the manufacture's instructions (Qiagen, Valen-cia, CA). The cDNA fragment was labeled with biotin-16-dUTP, and the probes separated with spin columns.
Confluent HUVECs grown on LabTech tissue culture microscope slides (Nalge Nunc International, Rochester, NY) were subjected to 0 or 24 hours of hypoxia. The cell media was aspirated, 1 ml of GVB added to each slide, and the cells reoxygenated for 3 hours at 37°C. The cells were then fixed immediately with 4% paraformaldehyde-PBS (10 minutes) and washed in PBS-MgCl 2 (5 mmol/L). All materials were kept RNase-free throughout the procedure. Before hybridization, the cells were hydrated in 0.2 mol/L Tris-HCl, pH 7.4, and 0.1 mol/L glycine for 10 minutes, and then changed to 50% formamide-2ϫ standard saline citrate (SSC) (SSC contains 0.15 mol/L NaCl, 0.015 mol/L sodium citrate, pH 7.0) at 65°C for 15 minutes. While the HUVECs were being hydrated, the probe (80-to 100-l probe), 4 l of Escherichia coli tRNA (Sigma), and 4 l of salmon sperm DNA (Sigma) were melted in 10 to 30 l of 100% formamide (Sigma) at 90°C for 10 minutes. An equal volume of hybridization mix was added for a final concentration of 50% formamide, 2ϫ SSC, 0.2% bovine serum albumin, 10 mmol/L vanadyl sulfate-ribonucleoside complex (Bethesda Research Laboratories, Bethesda, MD), 10% dextran sulfate, and 1 g/ml each of E. coli tRNA and salmon sperm DNA. The final concentration of the probe was 80 to 100 ng/30 l hybridization. The probe and hybridization mix were added to the tissue culture slides, the covers replaced, and the mixture incubated at 37°C (4 to 16 hours) in a closed, 2ϫ SSC-saturated chamber. After hybridization, the cells were washed with 2ϫ SSC-50% formamide for 30 minutes at 37°C, then in 1ϫ SSC-50% formamide for 30 minutes at 37°C, and twice in 1ϫ SSC at room temperature for 30 minutes.
The cells were incubated in 4ϫ SSC-1% bovine serum albumin with avidin-fluorescein isothiocyanate (FITC) (2 g/ml) for 30 minutes, then washed three times in 2ϫ SSC at room temperature on a rotating shaker. The cells were then mounted in antifade mounting medium, covered, and viewed on a Leica confocal scanning microscope (Leica Exton, PA). Control hypoxic HUVECs were incubated in RNase A (100 g/ml in 2ϫ SSC for 1 hour at 37°C) to determine specificity of the probe for RNA. After incubation in RNase A, the cells were hybridized as described above and incubated with avidin-FITC, washed, and viewed by confocal microscopy. A second negative control preparation consisted of hypoxic HUVECs hybridized with a porcine MBL cDNA probe, washed, then reacted with FITC-avidin and viewed on a confocal microscope. All in situ hybridization studies were done in triplicate.
Immunoprecipitation and Sequencing of HUVEC CK1
To confirm the specificity of the anti-human CK1 pAb used in these experiments, HUVEC CK1 was immunoprecipitated and sequenced. Confluent HUVEC cultures grown in 100-mm Petri dishes were subjected to 24 hours of hypoxia followed by 3 hours of reoxygenation in the presence of GVB. The cells were then washed with ice cold GVB and incubated with lysing buffer (150 mmol/L NaCl, 25 mmol/L Tris, 1 mmol/L MgCL 2 , 1% Triton X-100, 1% Nonidet P-40, 5 mmol/L ethylenediaminetetraacetic acid, 5 g/ml chymostatin, 2 g/ml aprotinin, and 1.25 mmol/L phenylmethyl sulfonyl fluoride, pH 7.4, all from Sigma). Cell debris was removed by centrifugation (10,000 ϫ g, 5 minutes). Cell lysates were precleared with 50 l of pre-equilibrated protein-G Sepharose (Pharmacia, Uppsala, Sweden) overnight at 4°C. CK1 immunoprecipitation was performed by addition of rabbit antihuman CK1 pAb (4 g/ml, Convance/BAbCO). After centrifugation (10,000 ϫ g, 5 minutes) and washing, the immunoprecipitates were boiled in reducing sample buffer and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After staining with Coomassie blue, the resultant protein band was cut from the gel and sent to the Harvard University Core Microchemistry Facility for microsequencing.
C3 and MBL Deposition (ELISA) on Purified CK1
Purified human CK1 (50 l; 2 g/ml in 15 mmol/L sodium carbonate, pH 9.6) was added to 96-well microtiter plates for 12 to 16 hours at 4°C. After washing, the plates were blocked for 2 hours at room temperature with 3% bovine serum albumin and washed again. HS (2% final concentration) was incubated with 1) 100 mmol/L of GlcNAc; 2) 20 g/ml of anti-human MBL mAb, 3F8; 5 or 3) vehicle (veronal-buffered saline containing Ca 2ϩ /Mg 2ϩ ) for 30 minutes at room temperature. The plates were then inoculated with 100 l of treated or untreated HS, and incubated for 30 minutes at 37°C. The plates were washed and 50 l of horseradish peroxidase-conjugated goat anti-human C3 pAb (1:2000 dilution; ICN, Aurora, OH) or rabbit anti-human MBL pAb (R2.2, 1:500 dilution) added for 1 hour at room temperature. The plates were then washed and developed as described above. Background optical density was determined from wells coated with bovine serum albumin only and was subtracted from all groups. This experiment was performed three to four times using three wells per experimental group (n ϭ 3-4).
Immunoprecipitation and Western Blot of Human CK1 and MBL
Confluent HUVEC cultures grown on 100-mm Petri dishes were subjected to 0 or 24 hours of hypoxia followed by 3 hours of reoxygenation in the presence of GVB (for CK1 analysis) or 30% HS (for MBL analysis). The cells were then washed with ice-cold GVB and incubated with lysing buffer. Cell debris was removed by centrifugation (10,000 ϫ g, 5 minutes). Cell lysates were precleared with 50 l of pre-equilibrated protein-G Sepharose. The lysates were then immunoprecipitated by addition of human MBL (90 g) and 50 l of anti-human MBL mAb (1C10) 5 or anti-human CK1 pAb (Convance/BAbCO) conjugated to protein-G Sepharose (ImmunoPure Protein G IgG Plus orientation kit, Pierce). After centrifugation (10,000 ϫ g, 5 minutes) and washing, the immunoprecipitates were boiled in reducing sample buffer and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gel was electroblotted to nitrocellulose and blocked with 10% nonfat dry milk overnight at 4°C.
For CK1 analysis, anti-human CK1 pAb (1:500 dilution) was incubated with the nitrocellulose in 3% nonfat dry milk for 1 hour at 4°C. The nitrocellulose was then washed and incubated with horseradish peroxidase-conjugated goat anti-rabbit pAb (1:1000 dilution, ICN) for 1 hour at 4°C. For MBL analysis, horseradish peroxidase-conjugated anti-human MBL mAb (2A9, 1:2000 dilution) was incubated with the nitrocellulose in 3% nonfat dry milk for 1 hour at 4°C. The membranes were then washed and developed with the enhanced chemiluminescence system (Amersham) and X-ray films (Eastman-Kodak, Rochester, NY). In a separate experiment, Western blotting of normoxic and hypoxic HUVEC lysates were performed under reducing conditions as described above.
HUVEC C3 and MBL ELISA
HUVEC C3 and MBL deposition after oxidative stress was measured by ELISA as previously described. 5 HUVECs were grown to confluence and then subjected to 0 (normoxia) or 24 hours of hypoxia (1% O 2 ). The cell media were aspirated and 100 l of one of the following was added to each well: 1) 30% HS, 2) GVB, 3) 30% HS plus 100 mmol/L of GlcNAc, 4) 30% HS plus 50 g/ml of anti-human keratin pAb, or 5) 30% HS plus 20 g/ml of anti-human keratin Fab fragments. The cells were then reoxygenated for 3 hours at 37°C, washed, and fixed with 1% paraformaldehyde for 30 minutes. After washing, the cells were incubated with horseradish peroxidase-conjugated goat anti-human C3 pAb (1:1000 dilution; Cappel, West Chester, PA) or the anti-human MBL mAb, 1C10 (1:1000 dilution) for 1 hour at 4°C. The plates were then washed and developed as described above. Background optical density was determined from cells to which only the anti-human C3 or MBL antibody was added, and was subtracted from all groups. As a separate control, cells were also incubated with HS treated with species-matched, isotype irrelevant control pAb (50 g/ml) or Fab fragments (20 g/ml) (Jackson Immunoresearch, West Grove, PA). These experiments were performed three times using four to six wells per experimental group (n ϭ 3).
Immunofluorescent Confocal Microscopy
HUVECs grown on LabTech tissue culture microscope slides were subjected to 0 or 24 hours of hypoxia and then reoxygenated for 3 hours in GVB or 30% HS treated with GVB (vehicle), anti-human keratin Fab fragments (20 g/ml), or GlcNAc (100 mmol/L). The slides were then washed in PBS containing calcium and magnesium and fixed in 4% paraformaldehyde for 15 minutes, washed again, and blocked with 10% goat serum. Human MBL deposition (green) was identified using biotinylated 1C10 and streptavidin-conjugated FITC (Jackson Immunoresearch). Human C3 deposition (green) was evaluated with a FITC-conjugated goat anti-human C3 F(abЈ) 2 antibody (ICN). HUVEC CK1 expression was evaluated with anti-human CK1 pAb (Convance/BABCO) and FITC-conjugated goat anti-rabbit IgG (Jackson Immunoresearch). After incubation with the appropriate antibodies, the slides were washed (3 times, 10 minutes each) and incubated with propidium iodide (10 g/ml, Sigma). The slides were, then coated with anti-fade mounting media (Molecular Probes, Eugene, OR), covered, and analyzed with a Zeiss confocal microscope as previously described. 21 Controls with streptavidin-conjugated FITC only were processed as above, omitting the primary antibody to determine nonspecific binding. All analyses were conducted at the same pinhole, voltage, and laser settings. This experiment was performed three times (n ϭ 3).
Statistical Analysis
All data presented represent the mean and SEM for number of determinations. Data analyses were performed using Sigma Stat (Jandel Scientific, San Rafael, CA). A P value of Ͻ0.05 was considered significant. Endothelial CK1 expression and MBL/C3 deposition on purified CK1-coated plates were analyzed by one-way analysis of variance. Endothelial C3 and MBL deposition on normoxic versus hypoxic HUVECs were analyzed by twoway analysis of variance. All pairwise multiple comparisons were made using the Student-Newman-Keuls test. MBL and C3 deposition on purified CK1-coated plates (ELISA; see Figure 4 ) were normalized to untreated 2% HS. Endothelial MBL and C3 deposition (ELISA; see Figure 6) after oxidative stress were normalized to hypoxic HUVECs reoxygenated in untreated 30% HS. Means Ϯ SEM of the raw data used for normalization are presented in the Results and/or figure legends.
Results
Endothelial CK1 Protein Expression after Oxidative Stress
Human endothelial cell-surface CK1 protein expression after oxidative stress was determined by ELISA, Western blot (Figure 1) , and confocal microscopy ( Figure 2) . HUVEC CK1 expression after oxidative stress was significantly (P Ͻ 0.05) increased compared to normoxic HUVECs as demonstrated by ELISA and Western blot under reducing conditions (Figure 1) . Immunofluorescent confocal microscopy also demonstrated a significant increase in cell-surface HUVEC CK1 after oxidative stress ( Figure 2B ) compared to normoxic cells (Figure 2A ). Cellsurface CK1 expression after endothelial oxidative stress was also confirmed by Z-section scanning ( Figure 2C) . To demonstrate the specificity of the anti-human CK1 pAb used in these experiments, HUVEC CK1 was immunoprecipitated (67-kd band, reduced 9% linear sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel; data not shown) and confirmed by protein sequencing (human keratin, type II cytoskeletal 1). Thus, these data demonstrate that oxidative stress increases human endothelial cell-surface CK1 protein expression.
Endothelial CK1 mRNA Expression after Oxidative Stress
Human endothelial cell CK1 mRNA expression after oxidative stress was determined by in situ hybridization (Figure 3 ). An increase in HUVEC cytoplasmic staining and negative nuclear staining was observed after oxidative stress ( Figure 3B ) compared to normoxic cells ( Figure  3A) . Hypoxic HUVECs hybridized with a porcine MBL cDNA probe ( Figure 3D ) and RNase-treated hypoxic HUVECs ( Figure 3C ) were used as negative controls and to demonstrate staining specificity. These data confirm the presence of HUVEC CK1 mRNA 12 and demonstrate that oxidative stress increases HUVEC CK1 mRNA expression.
MBL and C3 Deposition on Purified Human CK1
We next investigated whether purified human CK1 activates the LCP (Figure 4) . Treatment of 2% HS with GlcNAc (100 mmol/L) or the functionally inhibitory anti-human MBL mAb, 3F8 (10 g/ml) significantly inhibited MBL deposition (Figure 4A ) on purified CK1-coated plates by 78 Ϯ 4% and 64 Ϯ 6%, respectively, compared to untreated HS (vehicle). Further, treatment with GlcNAc (100 mmol/L) or 3F8 (10 g/ml) significantly inhibited C3 deposition ( Figure 4B ) on CK1-coated plates by 70 Ϯ 1% and 69 Ϯ 1%, respectively, compared to untreated HS. These data suggest that MBL binds human CK1 and activates the LCP. Further, these data demonstrate that MBL inhibition attenuates CK1-induced complement activation.
Immunoprecipitation and Western Blot of Endothelial CK1 and MBL
To determine whether human MBL binds endothelial CK1, purified MBL was used to immunoprecipitate HUVEC CK1 ( Figure 5A ). Western blot of the immunoprecipitates using a monospecific anti-human CK1 antibody revealed a 67-kd band (lane 5) consistent with human CK1. Interestingly, the 67-kd band was observed after endothelial oxidative stress (lane 5), but not in normoxic HUVECs (lane 4) or in the control lanes (lanes 1 to 3) . These data suggest that human MBL recognizes endothelial CK1 after oxidative stress.
To further confirm that human MBL binds endothelial CK1 after oxidative stress, MBL and CK1 were co-immunoprecipitated from hypoxic HUVECs reoxygenated in HS ( Figure 5B ). Western blot of HUVEC lysates immunoprecipitated with a monospecific anti-human CK1 pAb revealed a 32-kd band consistent with reduced purified human MBL (lane 1). Further, the 32-kd band was observed after endothelial oxidative stress (lane 6), but not in normoxic HUVECs (lane 5) or in the control lanes ( lanes  2 to 4) . These data further suggest that human MBL binds endothelial CK1 after oxidative stress. Endothelial CK1 protein expression after oxidative stress. HUVEC CK1 expression after oxidative stress was determined by ELISA and Western blot (inset). CK1 expression was significantly increased after oxidative stress compared to normoxic HUVECs or hypoxic/reoxygenated HUVECs incubated with an isotype control pAb (n ϭ 3; error bars ϭ SEM; *, P Ͻ 0.05 compared to normoxia).
Figure 2.
Endothelial CK1 protein expression after oxidative stress. HUVEC CK1 expression after oxidative stress was determined by immunofluorescent confocal microscopy. CK1 expression (green) was significantly increased after oxidative stress (B) compared to normoxic HUVECs (A). Z-section scanning further confirmed cell membrane CK1 expression after endothelial oxidative stress (C). These panels are representative of three different experiments (red ϭ propidium iodide-stained endothelial nuclei).
Anti-Human Keratin Treatment Attenuates MBL and C3 Deposition after Endothelial Oxidative Stress
Oxidative stress increases MBL deposition on HUVECs and activates the LCP. 5 We investigated whether antihuman keratin antibodies attenuate endothelial MBL and C3 deposition. HUVEC MBL ( Figure 6A ) and C3 ( Figure  6B ) deposition after oxidative stress were measured by ELISA. Consistent with our previous findings, 5,22 a signif- ( Figure 6B ) by 46 Ϯ 7% and 48 Ϯ 6%, respectively, compared to untreated HS. Incubation of HS with species-matched, isotype irrelevant control pAb (50 g/ml) or Fab fragments (20 g/ml) did not significantly attenuate MBL ( Figure 6A ) or C3 deposition ( Figure 6B ). These data demonstrate that anti-MBL or anti-keratin treatment significantly attenuates endothelial MBL and C3 deposition after oxidative stress. To further confirm these findings, HUVEC MBL and C3 deposition after oxidative stress was determined by immunofluorescent confocal microscopy ( Figure 7) . Normoxic and hypoxic HUVECs were reoxygenated in 30% HS treated with and without anti-human keratin Fab fragments (20 g/ml). Small amounts of MBL ( Figure 7A1 ) and C3 ( Figure 7B1 ) staining were observed under normoxic conditions, confirming our previous finding of low level C3 deposition under normoxic conditions.
19,23 MBL ( Figure 7A2 ) and C3 ( Figure 7B2 ) staining after HUVEC oxidative stress was increased compared to normoxic cells. Treatment with anti-human keratin Fab fragments attenuated MBL ( Figure 7A3 ) and C3 ( Figure 7B3 ) staining. These data further demonstrate that anti-keratin treatment inhibits MBL deposition and complement activation after endothelial oxidative stress.
Discussion
Growing evidence suggests that complement plays an important role in the pathogenesis of cardiovascular injury after oxidative stress. 24 -26 However, the role of the LCP in human cardiovascular disease is unknown. Human endothelial oxidative stress in vitro increases MBL deposition and activates the LCP. 5 Further, rat myocardial MBL and C3 deposition is increased after in vivo ischemia-reperfusion. 5 Although these data suggest a novel pathophysiological role for the LCP after oxidative stress, the molecular mechanism of MBL binding to the vascular endothelium is unknown. We demonstrate in the present study that activation of the LCP after oxidative stress may be mediated by MBL binding to vascular endothelial cytokeratins. Additionally, we demonstrate that human endothelial CK1 may be a novel ligand for human MBL.
Ogawa and colleagues 27 have shown that hypoxia induces endothelial neoantigen expression, creating the possibility that de novo surface ligand expression plays a Figure 4 . MBL and C3 deposition on purified human CK1. Human MBL (A) and C3 (B) deposition on purified human dermal CK1 was determined by ELISA. Treatment of 2% HS with GlcNAc (100 mmol/L) or the functionally inhibitory anti-human MBL mAb, 3F8 (10 g/ml), significantly attenuated C3 and MBL deposition compared to untreated HS (vehicle) (n ϭ 3; data normalized to vehicle; error bars ϭ SEM; *, P Ͻ 0.05 compared to vehicle). role in the hypoxic response. Although endothelial cytokeratins have been previously identified, 28 -30 the effect of oxidative stress on endothelial cytokeratin expression is primarily unknown. Consistent with previous reports, 11, 12 HUVEC CK1 expression was confirmed by immunoprecipitation and protein sequencing. Further, oxidative stress significantly increased HUVEC CK1 mRNA and surface protein expression. Thus, oxidative stress alters human endothelial cytokeratin expression.
Historically, CK1 is known to be an intracellular structural protein that functions to maintain cytoskeletal integrity. 7 Consistent with previous reports of endothelial CK1 surface expression, 12, 13 our data also demonstrates HUVEC CK1 surface expression. However, the mechanism of cell-surface CK1 expression is unclear. Although CK1 contains an internal hydrophobic rod domain, neither a membrane-spanning region, nor an insertional signal sequence has been described. Nonetheless, proteins may be externalized in the absence of vesicular transport. For example, the phospholipid-associated protein, annexin I, localizes to the extracellular membrane despite the lack of a signal peptide and co-localizes with CK8. 31 In this context, it is possible that membrane remodeling after oxidative stress results in transport of CK1 to the cell surface. Consistent with this hypothesis, endothelial cells subjected to chemical oxidative stress have been shown to undergo cytoskeletal remodeling and membrane blebbing in the absence of apoptosis. 32 Studies are ongoing in our laboratory to address the mechanisms regulating CK1 transport and expression.
Several lines of evidence suggest that cytokeratins may mediate immune responses. First, specific cytokeratin peptide sequences have been shown to be molecular mimics of the MBL ligand, GlcNAc and to induce in vivo anti-carbohydrate antibody responses. 14, 15 Second, autoantibodies to cytokeratin were recently demonstrated in cardiac transplant patients with accelerated coronary artery disease. 33 Third, inflammation associated with blistering skin disorders is observed in humans with mutant cytokeratins. 7 Thus, cytokeratins may represent a novel class of endothelial ligands that mediate immune responses. Data from our laboratory demon- Figure 6 . Anti-human keratin antibodies attenuate endothelial MBL and C3 deposition after oxidative stress. HUVEC MBL (A) and C3 (B) deposition after oxidative stress were measured by ELISA. MBL and C3 deposition after oxidative stress was significantly increased compared to normoxic HUVECs. Incubation of HS (vehicle) with the MBL inhibitory sugar, GlcNAc (100 mmol/L) or anti-human keratin pAb (50 g/ml) significantly attenuated MBL deposition (A). Incubation of HS (vehicle) with GlcNAc (100 mmol/L) or anti-human keratin Fab fragments (20 g/ml) significantly attenuated C3 deposition (B). Incubation of HS with species-matched, isotype-irrelevant control pAb (50 g/ml) or Fab fragments (20 g/ml) did not significantly attenuate MBL (A) or C3 deposition (B), respectively (n ϭ 3; data normalized to vehicle; error bars ϭ SEM; *, P Ͻ 0.05 compared to vehicle). strate that GlcNAc, anti-human MBL mAbs or anti-human keratin Fab fragments inhibit human MBL and C3 deposition on purified human CK1-coated plastic plates or oxidatively stressed human endothelial cells. Together, these data suggest that human MBL binds CK1 and activates the LCP. Additionally, these data demonstrate that anti-human MBL treatment attenuates CK1-induced complement activation. Although we have not yet identified the MBL-binding site on keratin, the CK1 head and tail regions contain sequences highly homologous to a CK14 decapeptide (SFGSGFGGGY) known to mimic the MBL ligand, GlcNAc.
14,15 MBL was recently shown to specifically bind this GlcNAc-mimicking peptide sequence, and pretreatment of human sera with this peptide significantly attenuated MBL and complement deposition on oxidatively stressed human endothelial cells. 16 Thus, MBL may bind the CK1 head and/or tail region(s) after endothelial oxidative stress. Epitope mapping the MBL binding site on CK1 will address this issue.
To determine whether endothelial cytokeratins-induce complement activation after oxidative stress, endothelial MBL and C3 deposition were measured. Treatment with anti-human dermal cytokeratin Fab fragments significantly attenuated endothelial MBL and C3 deposition, suggesting that endothelial cytokeratin epitope blockade attenuates MBL deposition and complement activation after oxidative stress. Interestingly, minimal MBL deposition was observed on untreated, normoxic cells despite the fact that CK1 has been previously cloned from and shown to be expressed by normoxic HUVECs. 11, 12 Although we were able to immunoprecipitate and sequence CK1 with a monospecific anti-CK1 pAb from both normoxic and hypoxic/reoxygenated HUVECs, CK1 could only be immunoprecipitated with purified MBL from hypoxic/reoxygenated HUVECs. Additionally, MBL and CK1 could only be co-immunoprecipitated with the anti-CK1 pAb from hypoxic/reoxygenated HUVECs. Together, these data suggest that oxidative stress increases total endothelial CK1 protein expression resulting in a neoepitope recognized by MBL. These observations are consistent with our previous finding that inhibition of de novo protein synthesis or nuclear factor-B translocation attenuates endothelial C3 deposition after oxidative stress. 23 Cytokeratin organization and expression is known to be regulated by nuclear factor-B, protein kinase C, activator protein-1 and cAMP-dependent phosphorylases 34 -37 that, in turn, may be altered by hypoxia. 38, 39 Indeed, oxidative stress in the present study increased HUVEC CK1 mRNA and cell-surface protein expression. Further studies on the effect of oxidative stress on endothelial cytokeratin protein expression are warranted.
In summary, 1) CK1 mRNA and protein expression, MBL binding, and C3 deposition are increased after human endothelial oxidative stress in vitro, 2) inhibition of MBL deposition with GlcNAc or anti-human MBL mAb attenuates MBL and C3 deposition on purified CK1, and 3) anti-human cytokeratin Fab fragments attenuate endothelial MBL and C3 deposition after oxidative stress. These results suggest that MBL deposition and activation of the LCP after oxidative stress may be mediated by endothelial cytokeratins. Further, these results identify human CK1 as a novel ligand for human MBL. Future studies with specific inhibitors of MBL and cytokeratin in animal models will help define the role of MBL and the LCP in cardiovascular disease.
